Serine:glyoxylate and glutamate:glyoxylate aminotransferases (SGAT and GGAT), which catalyze the formation of glycine from glyoxylate during photorespiration, have been purified >300-fold from tobacco leaf extracts. Incubation with glyoxylate in the absence of amino acid substrate resulted in the time-and concentration-dependent inhibition of the partially purified enzymes. The second order rate constants for glyoxylate inhibition were 1.25 and 0.175 per millimolar per minute for SGAT and GGAT, respectively. The enzymes of highest specific activity were not inhibited by 5 millimolar glyoxylate alone but when I millimolar NH4' was added to 1 millimolar glyoxylate for 10 min in the absence of amino donor, SGAT was irreversibly inhibited more than 50%. GGAT was inhibited 50% in 10 minutes by 15 millimolar NH4' and I millimolar glyoxylate. By itself, NH4' was a reversible inhibitor, SGAT (10, 27) .
During photorespiration the fc-mation of glycine occurs by the transamination of glyoxylate. Many of the details of the reaction are not clear. For example, alanine was preferred as an amino donor for transamination of glyoxylate in oat leaf slices (1), but serine was the preferred amino donor in studies with isolated peroxisomes (28) . In addition, evidence has been presented recently that asparagine participates in photorespiratory nitrogen metabolism (10, 27) .
Two of the enzymes of importance in photorespiration are SGAT' (EC 2.6.1.45) and GGAT (EC 2.6.1.2). In plants, the former is identical to alanine:a-ketoglutarate aminotransferase (22) , and the latter also catalyzes glutamate:pyruvate (2) and asparagine:glyoxylate (10, 27) transaminations. The enzyme SGAT has been isolated and characterized from kidney bean (26) , spinach (20) , wheat (13) , and oat (4) . The activity of GOAT Abbreviations: SGAT. serine:glyoxylate aminotransferase; AGAT, alanine:glyoxylate aminotransferase; GGAT, glutamine:glyoxylate aminotransferase; 2AS, second (NH4)2SO4 fraction.
has been studied in wheat (13) and spinach (20) . Little is known about the regulation of these enzymes in vivo or how their function may vary in different tissues or under different conditions of growth. A summary of the properties of plant aminotransferases has been presented by Wightman and Forest (29) .
There are a number of reports that glyoxylate at concentrations above 21 LM is inhibitory to SGAT from wheat (13) and at 1 mm for the enzyme from kidney bean (26) . No studies of the mechanism of inhibition have been described. Also Rehfeld and Tolbert (24) described the inhibition of SGAT from spinach by phosphate and D-serine, and Smith (5, 26) demonstrated NH4' inhibition of the serine enzyme from kidney bean. Even less is known about the possible regulation of GGAT. In this study, NH4+ inhibition of SGAT and GGAT was examined along with the inhibition of both enzymes by glyoxylate in the presence of NH4'. Although there are several enzymes in addition to aminotransferases inhibited by glyoxylate (6, 14, 23) , this is the first report of the participation of NH4+ in glyoxylate inhibition. The conditions under which this reaction may regulate aminotransferase activity are considered in this paper.
MATERIALS AND METHODS
Assay of Aminotransferase Activity and Definition of Units. For assays of SGAT or GGAT activity, aliquots of enzyme preparation (15-100 milliunits) were incubated with pyridoxal 5'-phosphate (5 aig), K-phosphate (pH 7.5, 10 ,umol) in a final volume of 0.50 ml at 25C. Samples (0.10 ml) were removed to test tubes at zero time and at 10 min intervals and placed in a boiling water bath for 1 min. Samples containing partially purified enzyme preparations were filtered through 0.22 um filters to clarify the solutions before a 20 yu aliquot was assayed for product formation by HPLC on an organic acid column (Bio-Rad, Rockville Centre, NY) under conditions described previously (9) . Hydroxypyruvate and a-ketoglutarate, produced from serine and glutamate by SGAT and GGAT, respectively, are well separated from glyoxylate. After applying a slight correction for the nonenzymic reaction (19) , the rate was linear for at least 45 min. Unless otherwise specified, the standard assay was for a period of 20 min.
Pyruvate and glyoxylate were not separated by this HPLC system, thus a different method was used to assay AGAT activity. The reaction mixture was similar except that serine or glutamate was replaced with [U-'4C]alanine (10,umol, 400 ,000 dpm). After incubation and sampling as described above, the samples were added to SP-Sephadex (Pharmacia, Inc., Piscataway, NJ) columns prepared in disposable Pasteur pipettes (0.5 x Table I . Because the assays of enzyme activity in the extract were unreliable, the calculations of yield and purification are based on activity in the 2AS fraction. The last stage of purification, elution from a chromatofocusing column, is shown in Figure 1 . The two aminotransferases, SGAT and GGAT, were essentially separated by elution at pH 6.6 (SGAT) and pH 6.2 (GGAT). The coelution of AGAT and GGAT is in agreement with the evidence of Noguchi and Hayashi (22) that GGAT and alanine:a-ketoglutarate (glyoxylate) aminotransferase from spinach were the same enzyme. The SGAT fractions contained asparagine:glyoxylate aminotransferase activity, in agreement with the conclusion of Ireland and Joy (10) that both activities were associated with the same protein.
The specific activities for the highly purified SGAT and GGAT were 2.4 and 7.5 units mg-' protein, respectively. These values compare favorably with those from other plant tissues, e.g. SGAT from kidney bean (26) , oat (4) , and spinach (20) were 7, 1.2, 1 to 2 units mg-' protein, respectively, and for GGAT from spinach (20), 7.5 units mg-' protein. On PAGE under conditions described elsewhere (24) , only one band ofprotein was detected for chromatofocused SGAT and the enzyme activity coincided with the band of protein. The electrophoretic mobility of GGAT was greater than that of SGAT, GGAT and AGAT activities coincided. In addition, there was also a diffuse, slower-moving protein band present which did not contain aminotransferase activity in the chromatofocused GGAT.
Inhibition by Glyoxylate of SGAT and GGAT from the A-15 Fraction. When SGAT or GGAT from the A-15 fraction was preincubated with 2 mm glyoxylate in the absence of amino donor, inhibition was observed. The results are shown in Table  I . If the amino acid substrate was added before the glyoxylate, inhibition was much less but not all amino acids protected against glyoxylate inhibition, e.g. neither alanine nor glycine prevented Glyoxylate in the Presence ofNH4' ofSGA T and GGA T A portion of enzyme from the A-15 fraction was assayed for NH4' and for SGAT and GGAT in the presence and absence of I mm glyoxylate (sample 1). The activity in the absence of glyoxylate is expressed as 100. After the low mol wt components were removed from a second portion of the enzyme solution using the Centricon 10-micro-concentrator (see "Materials and Methods"), it was restored to the original volume with 0.05 M phosphate (pH 7.5) and assayed for SGAT and GGAT after preincubation in the presence and absence of glyoxylate (sample 2). A third portion was first preincubated with I mM glyoxylate for 10 min, filtered through the Centricon 10-micro-concentrator, made to the original volume, then assayed for SGAT and GGAT, after preincubation in the presence and absence of 1 mM glyoxylate (sample 3). Plant Physiol. Vol. 80, 1986 Figure 2 . In A and C, the top line (@) shows the inhibition of the two aminotransferases by increasing amounts of NH4+. Approximately a 5-fold higher concentration of NH4+ is needed to inhibit GGAT than SGAT in the 0 to 50% range. This is in accordance with the observation shown in Table III that when NH4+ levels are reduced in the A-15 fraction there is a larger increase in SGAT activity than in GGAT activity (166% versus 119%). The second line (U) in Figure 2 , A and C, shows the increased loss of activity when 1 mM glyoxylate is added to each concentration of NH4'. Glyoxylate by itselfis not inhibitory in concentrations as high as 5 mm as can be seen in Figure 2 , B and D, line (0). However, when sufficient NH4' to cause 10 to 20% inhibition is added to the glyoxylate, a further loss ofactivity occurs (line U). In Table IV (17) or in a mutant lacking enzyme(s) for reassimilation of NH4', its concentration in the leaf could reach 1 to 5 mm, a concentration at which SGAT is appreciably affected (Fig. 2) . The in vivo inactivation of glutamine synthetase in yeast by NH4' has been shown by Mitchell and Magasanik (18) .
There are a large number of papers describing the effect of NH4' on various aspects of plant metabolism (e.g. 7, 15, 16), but deciding which of these effects might be due to inhibition of aminotransferases is difficult. In Lemna minor during nitrogen starvation SGAT increased in activity, and when NH4+ or NO3-was supplied it decreased in activity. In contrast, GGAT and AGAT showed little change with NO3-or NH4' availability (25) . Niziolek Tables II and V) . Thus, the results seem to favor the second mechanism, i.e. that NH4' and glyoxylate react before reacting with the enzyme. However, the first mechanism cannot be ruled out ifthe reaction ofenzyme with NH4' occurs rapidly and the second step, reaction with glyoxylate, is the rate-limiting one.
While the mechanism of inhibition of SGAT and GGAT by NH4' and glyoxylate in the presence of NH4' is unknown, the results clearly indicate that the two enzymes have different characteristics. For example, a higher concentration of NH4+ or a much longer time is needed to inhibit GGAT to the same degree as SGAT (Table V; Fig. 2 ). Even more striking is the effect of pH on inactivation (Fig. 3) . Either the rate-limiting step for the irreversible inhibition of GGAT does not involve an ionizable group (in the pH range tested) as it does for SGAT or the mechanism of inhibition differs for the two enzymes. It will be interesting to see if these dfferences noted here with respect to the inhibition by glyoxylate and NH4+ prove to have bearing on the roles played by these aminotransferases in plant metabolism.
Evidence is not available on whether inhibition by glyoxylate and NH4+ occurs in the leaf. Because glycolate oxidase as well as these aminotransferases are located in the peroxisomes (24) , glyoxylate is present in these organelles and any rise in NH4' could inhibit the enzymes in vivo, especially SGAT. A further examination of the mechanism of the inactivation may lead to insights into the regulation of these aminotransferase activities.
